In order to the increase sensitivity of enzyme-linked immunosorbent assay (ELISA) using micro-droplet reaction system formed by ink-jet, we employed small dots of two-dimensionally well-ordered structure of polystyrene (PS) microbeads (710 ± 25 mm in diameter) formed on the surface of polydimethyl siloxane (PDMS). An aqueous suspension of polystyrene microbeads (5 mm) was ejected on the PDMS plate with ink-jet. The PS beads were automatically assembled by capillary force accompanied with solvent evaporation. The evaporation rate was controlled by ambient relative humidity. The assembled beads were solidly immobilized on the surface of PDMS surface. The dots of well-ordered structure were stable against vigorous washing. ELISA using the structure as a reaction location was three times more sensitive than the material without the structure due to the increase of the surface area and consequent increase of the amount of antibody.
Introduction
Enzyme-linked immunosorbent assay (ELISA) is widely used for the highly sensitive determination of proteins. A microtiter plate with 96 or 384 holes is commonly used for the execution of ELISA, followed by the measurement with a microplate reader. The plate enables several kinds of immunoassays for various concentrations and immune species to be tested nearly simultaneously. However, the assays using large protein molecules such as antibodies, which have small diffusion coefficients, sometimes need much time to be carried out, and sometimes it takes several hours to complete one assay.
In recent years, micro-total analysis system (mTAS) [1] [2] [3] [4] [5] or labon-a-chip has been deeply studied. The method uses fine microchannels fabricated with micro electro-mechanical system (MEMS) as a reaction chamber or as a separation column. The most important characteristic of mTAS is the so-called "size effect". Since the effect greatly increases reaction efficiency, mTAS was utilized for enzymatic or chemical reactors, [6] [7] [8] [9] microchip electrophoresis. [10] [11] [12] ELISA using microchannel has also been reported. 13, 14 In these papers, the inner walls of microchannels were preliminary coated with antibodies or antigens as a reaction location. However, in order to use a microchannel effectively, special instrumental setups were sometimes necessary such as connection device and capillary tubing with very small dead volume. Without these devices, sample plugs were broadened and consequently sample molecules were diluted in microchannels.
Recently, the handling of liquid samples with ink-jet technology has been attracting great attention. [15] [16] [17] An ink-jet can eject a very small amount of liquid with high precision and reproducibility. And the velocity and amount of the liquid ejected from the ink-jet with a piezo electric element are easily controlled by the optimization of applied voltage and of the shape of the electric waveform. The most attractive point of using an ink-jet will be the handling of very small amounts of liquid without any contamination. Liquid samples are usually dispensed as very small droplets and they reach the reaction location through the air. Ink-jets have recently been used in the field of analytical chemistry, i.e., as a spotting devise for DNA array, 18, 19 and as a very small sample introduction device for capillary electrophoresis, 20 for atomic emission spectrometry 21 and for flame ionization detector. 22 Kudo and coworkers reported an analytical system with open type micro-reaction chamber of small droplets formed by an ink-jet as a nano-pipette and they observed a size effect in the small droplets. 23, 24 They carried out ELISA of IgA using the droplet reaction system. The method does not need special microfluidic system such as closed-type microchannel, or connections and injection devices with very small dead volume. However, in this method, since the reaction of antigen-antibodies as well as enzyme-substrate occurred on the solid surface under the droplet, the dynamic range or sensitivity of the measurement was not enough because the surface area under the droplet was very small.
Increase of the surface area under droplet would improve not only the reaction efficiency but also the sensitivity of measurements. There are some reports of mTAS studies using microbeads aiming at the increase of surface area. 25, 28 Small beads of nano-or micrometer scale have also been used as key materials of photonic crystal. [29] [30] [31] [32] Park and coworkers reported a preparation method of photonic crystal using ink-jet and nanobeads at desired position and desired size. 33, 34 When the nano-structure was used as a reaction medium for ELSA, the nano-structure needs to be stable against washing for the separation of bonded/free labeled antigen (B/F separation). In this paper we will describe a novel preparation method for stable 236 ANALYTICAL SCIENCES FEBRUARY 2009, VOL. 25 two-dimensionally well-ordered structures (2DOS) with polystyrene (PS) microbeads, which were ejected with an ink-jet device followed by the self-assembling with capillary force accompanied with the evaporation of solvent. Then we will report an application of this novel structure to ELISA.
Experimental

Reagent
The pre-polymer of polydimethyl siloxane (PDMS) used for a base plate of 2DOS was SYLGARD-184 (Dow Corning, Midland, MI). A suspension of polystyrene (PS) microbeads was purchased from Duke Scientific Co. (Palo Alto, CA; 5 mm for particle size standards). 2-Amino-2-hydroxymethyl-1,3-propanediol (Tris(hydroxymethyl)aminomethane), dimethyl sulfoxide (DMSO), sodium chloride, sodium hydroxide, sodium dodecyl sulfate (SDS), and 30% hydrogen peroxide used were reagent grade (Wako Pure Chemical Co., Osaka, Japan). Sodium carbonate, sodium bicarbonate, sodium dihydrogen phosphate and disodium phosphate used were purchased from Kanto Chemical Co. Ltd. (Tokyo, Japan). Bovine serum albumin (BSA) was from Calbio Chem (San Diego, CA). 10-Acetyl-3,7-dihydroxy phenoxazine (Amplex ® Red) was used as a fluorescent probe (Molecular Probe Co., Carlsbad, CA). Milli-Q water was used throughout the experiment (Millipore Japan Co., Tokyo, Japan). All buffers were filtered through a 0.45-mm membrane filter (JHWPO-4700, Millipore Japan, Tokyo, Japan) before use.
An ELISA kit for human immunoglobulin-A (h-IgA) (Bethyl Co. Ltd., Montgomery, TX) was used for the evaluation of the method with some modifications. The first antibody (goat antihuman IgA) was diluted with 0.05 M carbonate buffer (pH 9.6) by 100 times. Human IgA antigen standards (human reference serum) was diluted with 50 mM Tris, 0.14 M sodium chloride buffer (pH 8.0). The second antibody labeled with HRP (goat anti-human IgA HRP conjugated) was also diluted with 50 mM Tris, 0.14 M sodium chloride buffer (pH 8.0).
In order to reduce evaporation of solvent, we added glycerin to all solutions such as antigen, second antibody, and substrate solutions to gain the final concentrations of 30%.
Ink-jet microchip
An ink-jet microchip was purchased from Fuji Electronics Co. Ltd. (Tokyo, Japan). Sample solutions were supplied to this ink-jet microchip with a capillary tube (Drummond, 75MM Hematocrit Tube, 1 mL). In order to avoid air bubbles in a inkjet microchip, we filled the flow path of the ink-jet microchip with 5 times diluted Extran MA01 alkaline solution (Merck Japan, Tokyo, Japan) and left the combination to stand for 30 min, followed by the thorough washing with Milli-Q water.
A DC power supply (0 -160 V, 0.4 A, Kikusui Electronics Co., Yokohama, Japan), a digital function generator (DF1905, NF Circuit Block Design Co. Ltd., Yokohama, Japan) and a laboratory-made driver system 23 were used for driving the inkjet piezo electric element.
Incident light fluorescence measurement system with ink-jet microchip
The instrumental setup used for the fluorescence measurements and for the preparation of 2DOS with PS microbeads has been described elsewhere. 23 Briefly, the setup was constructed with an incident light fluorescence microscope (BX-51, Olympus, Tokyo, Japan) with an objective lens (¥5). A Green He-Ne laser (5 mW, Model 05-LPG-173, Melles Griot, USA) was used as an excitation source for the fluorescence measurement and the beam was fed to the microscope. A cube filter unit (XF102-2, for the measurement of resorufin, Omega Optical Inc., Brattleboro, USA) was used to filter the fluorescence emission of resorufin. Then the fluorescence was detected with a photomultiplier (Hamamatsu Photonics, H7422-40, Hamamatsu, Japan). An ADC-11 device (Pico Technology Inc., London, UK) was used for conversion of fluorescence signal into digital data. Digitized data were transferred to a personal computer (Lavi II, NEC, Tokyo, Japan) via an RS-232C interface.
Electromotive x-y stages (Proscan Stage, Prior Scientific Co., London, UK) installed on the microscope was controlled by laboratory-made software. The ink-jet microchip was placed at appropriate position above the stage.
PS bead structures were observed and evaluated with a scanning electron microscope (SEM, Model VE9800, Keyence Co. Ltd., Osaka, Japan).
Preparation of two-dimensionally ordered structure with polystyrene beads
2DOS with PS beads was prepared by the ejection of small amounts of PS beads suspensions with an ink-jet onto a PDMS plate. Since the structure needs to be stable against vigorous washing in the process of ELISA, the ordered structure was immobilized on the surface of PDMS. The immobilization method of PS beads follows. PDMS pre-polymer was mixed with curing agent at the ratio of 10:1, and then the mixture was degassed under vacuum condition with a diffusion pump for 30 min. A 0.5-mL portion of the mixture was applied onto a slide glass plate (30 ¥ 30 ¥ 0.45 -0.60 mm, Matsunami Glass Co., Tokyo, Japan) then the PDMS mixture was spin-coated with a spin coater (Kyowa Riken, Model K-359S-1, Tokyo, Japan) at 600 rpm for 120 s. Coated PDMS was cured for 22 min at 60˚C in an oven. At this stage, PDMS was not completely cured. Aqueous PS beads suspension (250 droplets number, correspond to ca. 200 nL) was ejected onto the PDMS plate; then the plate was placed in air tight box with a certain relative humidity (RH) created by saturated salt solution for overnight. In this process, PS beads were automatically assembled by capillary force accompanied with solvent evaporation and at the same time the assembled beads were immobilized on the surface of PDMS. Figure 1 shows the aggregated PS beads on PDMS plate after solvent evaporation. The 1st layer of PS beads was caught and immobilized on the surface of PDMS plate (the 1st layer was not seen in the figure) . PS beads at the 1st layer were buried in PDMS at about 40% of the diameter (about 2 mm). After the complete PDMS curing, the plate with PS bead structures was soaked in 10 mM SDS solution, followed by ultrasonic treatment for 2 h. The ultrasonic treatment removed PS beads beyond the 2nd layer. Finally, the plate was washed with water and kept in an air-tight box before use.
Results and Discussion
In order for researchers to use the aggregated PS bead structure as a reaction location, the structure should be prepared reproducibly and the surface area of the structure should be a large constant value. We have developed a new preparation method for a small circular arrangement of 2DOS. 2DOS will be one of the good candidates for such a reaction location. The circular structure, whose diameter was about 700 mm, was prepared by the ejection of several hundred nanoliter amount of PS bead suspension onto a PDMS plate with an ink-jet microchip; then the PS beads were self-assembled by capillary force accompanied with solvent evaporation. Finally, PS beads except for the 1st layer were removed to give reproducible circular shaped 2DOS of PS beads. In the PS beads arrangement process, several kind of forces affected the PS beads movement. When a small water droplet was placed on a plate, convection flow toward circumference direction was generated during solvent evaporation process due to the conservative force to maintain the shape of the droplet. During the process, PS beads suspended in the droplet had a tendency to move toward the circumference. When the droplet was ejected on a hydrophobic surface such as PDMS, the circumference of the droplet was not fixed. The diameter of the droplet was decreased during solvent evaporation resulting in the movement of PS beads toward the center of each droplet. Throughout the evaporation process, PS beads were arranged by themselves by the capillary force to form close-packed structures. We thought that the PS bead arrangements could be controlled by the adjustment of PS beads concentration and RH at the solvent evaporation process.
Optimization of relative humidity for the preparation of twodimensionally ordered structure of PS microbeads
At first, the effect of RH at the solvent evaporation stage was evaluated. RH was controlled in the range 6.4 -97.3% by using several kinds of saturated salt solutions. PS beads used were 5.0 mm of diameter and the concentration of PS beads was 3.1%. When 250 drops of the PS beads suspension was ejected on the PDMS surface, the initial diameter was about 1.3 mm. During drying processes in constant humidity boxes, the diameter was reduced to 500 -710 mm. Figure 2 shows the SEM images of aggregated PS beads dried under various RH. Right-hand images at each RH condition show magnified views of the lefthand images. Arrangement of the beads and the diameters were affected by RH. At first, reproducibility of the size of structure just after solvent evaporation was evaluated. Diameters were obtained by the measurement of four different SEM images at each RH condition. RSD values of diameters for the aggregates at various RH conditions were as follows: 710 ± 25 mm (RSD = 3.5%, RH = 6.4%, n = 4), 659 ± 36 mm (RSD = 5.4%, RH = 43.2%, n = 4), 628 ± 6 mm (RSD = 1.0%, RH = 57.6%, n = 4), 590 ± 6 mm (RSD = 1.1%, RH = 75.3%, n = 4) and 510 ± 6 mm (RSD = 1.3%, RH = 97.3%, n = 4). Good reproducibility of diameter was obtained at each RH condition. However, it was very difficult to make a complete structure without any defect, because the shape of structure formed by the ejection of PS beads suspension with ink-jet was a circle. When the RH was 97.3%, well-ordered aggregates were not obtained. When the RH was low, both order of arrangement of PS beads and the diameter of structure were increased. A larger diameter of the aggregates at low RH conditions would be due to the speed of solvent evaporation. That is, the speed of solvent evaporation was faster than the decreasing speed of the droplet diameter. Moreover, since the capillary force at the low RH conditions would be greater than that at higher RH conditions, PS beads were arranged with high regularity. On the contrary, when RH was high, convection flow in the circumference direction was small due to the small solvent evaporation resulting in the smaller diameter of each structure and irregular arrangement of PS beads. Among the relative humidity conditions tested, a relative humidity of 6.4% gave the most ordered structure. We thus chose the relative humidity of 6.4%. The result shows that the relative humidity after PS beads ejection onto the PDMS plate affected the evaporation speed of the solvent, resulting in the microbeads arrangement.
Optimization of the concentration of PS beads
The previous section supported low RH conditions for the preparation of well-ordered structure. However, when the RH was low, diameter of the structure was large and vacant regions were sometimes observed near the center at lower PS beads concentrations. We thought such formation could be prevented by the increase of PS beads concentration. When PS beads were arranged on PDMS plate two-dimensionally, the total surface area of arranged microbeads at unit surface area is constant regardless of the diameter of microbeads. We have chosen 5 mm PS beads because the diameter was easy to handle and could be ejected by ink-jet microchip reproducibly.
Then, the concentration of PS beads was examined.
The concentration of PS beads was determined by adjusting the volume of supernatant by centrifugation of original PS beads suspension. The RH condition after the ejection of microbeads suspension was kept at 6.4% as shown in the preceding section. Figure 3 shows SEM images for PS beads arrangement of 1st layer. The 2nd and higher PS layers were removed by washing as shown in the experimental section. The concentration of PS beads larger than 2.48% gave uniform and ordered twodimensionally structures without vacant regions. The PS beads concentration should thus be larger than 2.48%.
Though some PS beads were observed on the first layer of ordered structure, their actual surface area was very small (1% or less) and ignorable. To conclude, following conditions were optimal: PS beads concentration 2.48%<, relative humidity for evaporation process was 6.4%.
ELISA using two-dimensionally ordered structure and ink-jet dispensing
Using the 2DOS of PS beads on PDMS, researchers have carried out ELISA of IgA by surface reaction assay methods. 23, 24 The following shows the procedure for IgA ELISA using surface reaction systems.
Dispensing of sample and reagent solutions were made by ink-jet microchip. The position of dispensing was determined by x-y stage and laboratory-made computer software. All the solutions including blocking solution (BSA), antigen, HRP labeled 2nd antibody solution and fluorophore (Amplex ® Red) solution were ejected by ink-jet, glycerin was added to reach a final concentration of 30% to prevent evaporation of solvent.
At first, the PDMS plate with 2DOSs of PS beads was dipped in a 100 times-diluted 1st antibody solution for 1 h and then the plate was washed with 0.05 M Tris buffer three times. After washing, 50 drops of BSA solution (about 15 nL) was ejected onto the 2DOS then the plate was kept in an air-tight box of 80% RH for 30 min aiming at both blocking and hydrophilic pattering for the subsequent addition of reagent solutions. Finally, the plate was washed with 0.05 M Tris buffer three times. For the calibration of IgA, 0.05 M Tris buffer and antigen solution (IgA: 125 ng/mL) were filled in two different channels of the ink-jet chip, and the solutions were ejected onto the region that was preliminary patterned by BSA in 2DOS. The concentration of IgA was adjusted by changing droplet numbers for Tris buffer and for IgA solution while the total droplet number was kept constant at 100 droplets (30 nL). That is, 0.05 M Tris buffer solution were ejected on 2DOS at droplet number of 80, 90, 96, 100, then IgA solution was ejected at each structure at the droplet number of 20, 10, 4, 0, giving each concentrations of 25, 12.5, 5, 0 ng/mL, respectively. Each plate was kept in an air-tight box with 80% RH for 30 min in order to complete the immune reaction. Then the plate was washed with an excessive amount of Tris buffer 3 times. Finally, 100 droplets of 50 mM Amplex ® Red solution containing 1 mM hydrogen peroxide were ejected by ink-jet on each PS structure. Amplex ® Red was oxidized by HRP on 2nd antibody to form fluorescent Resorufin. Resorufin concentration, whose concentration was proportional to the antigen concentration, was measured by the incident light fluorescence microscope shown in the experimental section. In order to evaluate performance of the ordered structure, we used a bare PDMS plate without PS beads structures for the surface reaction assay, following the procedure shown above. Figure 4 shows the calibration curve for IgA. The fluorescence intensity of Resorufin was measured 85 s after the ejection of Amplex ® Red. Linear calibration curves were observed for both PS beads and PDMS. The slope of the regression line for 2DOS was about three times greater than the one obtained by the previous method with PDMS surface reaction. 23, 24 This is due to the increase of surface area, where 1st antibody was adsorbed, resulting in the increase of the amount of fluorescent Resorufin formed by the enzymatic reaction with Amplex ® Red and HRP on the 2nd antibody. The reagent consumption and the enzymatic reaction time with fluorescent substrate were greatly decreased compared with the assay using a microtiter plate. And the reduction ratios were 1/500 and 1/20 for the reagent consumption and the enzymatic reaction time, respectively.
Conclusion
In order to increase the sensitivity of ELISA using a surface reaction system with nanoliter amount of droplet formed by inkjet, we prepared novel 2DOS of PS beads by ink-jet dispensing. The structure was formed by the ejection of PS beads suspension from ink-jet, followed by the self assembling of PS beads at solvent evaporation. Low RH condition at the assembling process increased the speed of solvent evaporation and gave superior regularity of PS beads arrangement. And any PS beads concentration greater than 2.48% prevented the formation of vacant regions in two-dimensionally well-ordered PS bead structure. The structure mounted on the surface of PDMS was stable against vigorous washing.
Preparation of threedimensionally ordered PS beads structure using ink-jet, which is expected to have even greater surface area, is now ongoing in our laboratory.
